Naturally concrete shrinks when it is subjected to a drying environment. If this shrinkage is restrained, tensile stresses develop and concrete may crack. Plastic shrinkage cracks are especially harmful on slabs. One of the methods to reduce the adverse effects of shrinkage cracking of concrete is by reinforcing concrete with short randomly distributed fibers. The main objective of this study was to investigate the effect of fiber volume and aspect ratio of hooked steel fibers on plastic shrinkage cracking behavior together with some other properties of concrete. In this research two different compressive strength levels namely 56 and 73 MPa were studied. Concretes were produced by adding steel fibers of 3 different volumes of 3 different aspect ratios. From this research study, it is observed that steel fibers can significantly reduce plastic shrinkage cracking behavior of concretes. On the other hand, it was observed that these steel fibers can adversely affect some other properties of concrete during fresh and hardened states.
Introduction
High strength concrete (HSC) is generally accepted as a concrete having a compressive strength above 55 MPa according to ACI Committee 363 [1] . The main parameters to produce HSC are low porosity, achieved by using cement content greater than 400 kg.m -3 , well graded aggregates, low water/cement ratios, adequate compaction and curing, and addition of superplasticizers to achieve workable mix 2 . HSC is a brittle material and brittleness can be reduced by the addition of short discrete fibers randomly distributed in concrete. The effect of fibers on the mechanical behavior of high strength fiber reinforced concrete is governed by the volume of fibers, aspect ratio of fibers, and bond between cementitious matrix and fibers 3 . Plastic shrinkage occurs at early age, before it is set and has still not attained sufficient tensile strength. It occurs mainly due to loss of water from the surface of concrete 4, 5 , that will lead to formation of water menisci that exert contraction forces within the microstructure 4, 6 . The common remedy to reduce early age shrinkage is to avoid drying by proper handling of concrete especially in the first few hours after casting 7, 8 . The extent of shrinkage of concrete depends on many factors, including the properties of the material, temperature and relative humidity of the environment, the age when concrete is subjected to drying environment, and the size of the structure. If concrete is constrained from shrinkage, tensile stresses then develop and concrete may crack and hence may lead to a serious reduction in the durability of concrete. One of the major contributions of adding short, discrete fibers to concrete is the reduction in plastic shrinkage.
Shrinkage cracking of concrete is also a major problem in concrete members with large surface areas, such as bridge decks, slabs on grade, tunnel linings, thin surface repairs and floor slabs 9 . The potential for early age cracking is affected by the shrinkage magnitude, rate, degree of structural restraint, age of material, and structural geometry 10 . Different methods and techniques for simulating and studying of plastic shrinkage cracking have been used such as slabs, rings, etc.
Soroushian et al. 11 investigated the effects of collated fibrillated polypropylene fibers on the plastic shrinkage cracking of concrete slabs. They concluded that (a) fibers reduced the total plastic shrinkage crack area and maximum crack width at fiber volume of 0.1%, (b) the total plastic shrinkage crack areas were less than those with 13 mm fibers only at 0.1 and 0.2% fiber volume, but not at 0.05% fiber volume, (c) the 19 mm fibers had 13, 57, and 55% less crack areas than 13 mm fibers at 0.05, 0.1, and 0.2% fiber volume, respectively, (d) the maximum crack widths with 19 mm fibers were 47, 33, and 36% less than those for 0.05, 0.1, and 0.2% fiber volume, respectively.
Sivakumar and Santhanam 6 studied the behavior of hybrid combinations of steel and non-steel fibers of volume up to only 0.5% in controlling plastic shrinkage cracks of high strength silica fume concrete. They observed that the hybrid fiber concretes showed better crack control features than steel fibers alone, and the total crack area was reduced with increased addition of non-steel fibers, but the increase in non-steel fibers caused a decrease in the workability and resulted in harsh concrete mix that required high compaction energy due to balling and trapping of free water. They concluded that plastic shrinkage cracks were reduced by 50 -99% compared to plain concrete, the steel-polyster combination caused crack reduction of 99%, and the steel-glass combination did not perform well as the others due to the high stiffness of glass fibers were not able to contribute at low stress levels causing early age cracking. In this research mainly the effect of fiber volume up to 0.5% on the plastic shrinkage cracking was studied.
Bayasi and McIntyre
12 studied the effects of polypropylene fibers and silica fume on shrinkage plastic cracking in concrete. They have observed that the fibers reduced the evaporation/bleeding rate by 10%, without a major effect of fiber volume, and also the bleeding rate for the fresh concrete with 10% silica fume was much lower than that of similar concrete without silica fume.
Naaman et al. 13 investigated the plastic shrinkage cracking by using prismatic concrete specimens. Polypropylene, polyethylene, carbon and polyvinyl acetate fibers were used. The different fibers were evaluated at different volume fractions ranged from 0.05 to 0.4%. They concluded that (a) the volume fraction and fiber diameter were most effective in controlling plastic shrinkage cracking, (b) changing the fiber length or aspect ratio had small effect on plastic shrinkage cracking, (c) at fiber volume of 0.2%, most fibers with less than 0.04 mm diameter reduced plastic shrinkage of concrete by 10% compared to plain concrete. It was not clear if the fiber-matrix bond was the key parameter to reduce plastic shrinkage cracking.
Banthia and Gupta 9 searched the effect of polypropylene fiber diameter, fiber length and geometry on the plastic shrinkage in concrete. Three types of monofilament and one type of fibrillated polypropylene fibers were used. Three volume fractions of 0.1, 0.2, and 0.3% were used for each fiber type. The crack characterization was assessed by using a high magnification microscope. They concluded that (a) the longer fiber is more effective in reducing crack area, maximum crack width and number of cracks, (b) finer fibers were more effective than coarser ones because they have larger surface area over which it would bond with the cementitious matrix, hence more transfer of tensile stress to the fiber.
The primary objective of the study described in this paper was to investigate the effect of fiber volume and aspect ratio of hooked-end steel fibers on the plastic shrinkage cracking behavior: effect of fiber aspect ratio and fiber volume on water evaporation rate and first crack initiation time; relationships between fiber volume and plastic shrinkage crack length, plastic shrinkage crack width, and plastic shrinkage crack area for normal and high strength concretes.
Experimental Program

Materials used
In this study, steel fiber reinforced concrete (SFRC) mixes were made of Ordinary Portland ® Cement (class 52.5), crushed limestone aggregates, superplasticizer, and hooked-end steel fibers of three different aspect ratios (55, 65, and 80). Aggregates were designated as grade 1, 2, 3, and 4 with maximum sizes of 20, 14, 10, and 5 mm, respectively. The specific gravities of grade 1, 2, 3, and 4 are 2.68, 2.67, 2.68, and 2.68, respectively. Aggregates were used as all-in aggregate. Superplasticizer (high range water reducing admixture) was used at a dosage of 0.8% by weight of cement. Three different steel fiber volumes of 0.5, 1.0, and 1.5% (by volume of concrete) were added (i.e. 39.25, 78.5 and 117.75 kg.m -3 ).
Mixture proportions and mixing procedure
Proportioning of mixtures is as shown in Table 1 . Dry ingredients (aggregates and cement) were mixed in the mixer for 30 seconds. After that, steel fibers were added for 30 seconds. Then water (with superplasticizer) was added gradually in 15 seconds and the mixing continued for 2 minutes. Therefore, the total mixing time was 3 minutes for each concrete mixture.
Experiments on fresh concrete
The workability of freshly mixed concrete was assessed by using VeBe consistometer. The fresh unit weight of concrete was also measured and all the specimens were compacted in molds by means of a vibrating table. Bleeding of concrete was measured in accordance with ASTM C 232 -92. An average of three readings was taken to represent data points for fresh concrete properties.
Compressive strength of concrete
Compressive strength was measured at 28 days on 150 mm cubes cured at 23 ± 1 °C and 100% relative humidity. The average compressive strength was obtained on three cubes for each mix (total of 20 mixes).
Plastic shrinkage cracking test procedure
The following test procedure was successfully used by Soroushian 15 . Two rectangular 840 × 540 mm slabs with 40 mm thickness (plywood base and metal edges) were cast side by side and exposed to identical finishing processes and environmental conditions such as temperature, humidity, and wind velocity (Figure 1a) .The temperature during testing ranged between 24 to 27 °C and the relative humidity (RH) was kept 60 ± 5%, while the wind speed was 18 km/h by utilizing fans. The fans were started 25 minutes after the addition of water to dry materials placed in the concrete mixer for all test slabs. Two 140 mm-diameter metal molds were located next to slab specimens to measure the water evaporation rate from the fresh concrete surface. Two plastic containers filled with water were also placed in front of the slabs to determine the water evaporation rate. The procedure of plastic shrinkage crack measurement was as follows:
After mixing, fresh concrete was placed in the slab molds. Screeding was applied directly to the fresh concrete surface after placing. This was done by using a sawing motion of a metal straightedge, moving across the short direction of concrete sample surface. Following screeding, a bullfloat was applied to the fresh slab surface to eliminate high and low spots and to embed large aggregate particles at the surface. Hand-floating was then applied in conjunction with filling holes and smoothing ridges to give the slab a dense and smooth appearance. Troweling was finally applied after the bleed water started to evaporate.
Shrinkage cracks were measured 5.5 hours after concrete placement. Hand-held microscope and Planimeter (Figure 1b and c) were used to measure crack width and crack length, respectively. The crack length was measured accurately by tracing the planimeter along the crack lines. After these measurements crack width was also recorded by the hand-held microscope. The total crack area was calculated by summation of the products of total crack length by the average crack width for each slab.
The average values were calculated considering two slabs for each mix. These are shown in Table 3 . Figure 1d shows plastic shrinkage cracks patterns on fiber reinforced slab specimen.
Results and Discussions
Fresh concrete
The results of VeBe time, wet density, and amount of bleeding water test results are given in Table 2 . Generally, as fiber volume increases, VeBe time increases for all aspect ratios. Also increasing fiber volume increases the wet density of fresh concrete slightly for all concrete series.
A significant reduction in water bleeding was observed for concrete series B compared to concrete series A for all concretes. This may be due to high amount of cement in concrete series B compared to series A. Samman et al. 16 also showed that high-strength concrete mixes containing high proportions of cement produces concrete with low bleeding rates. For the case of 55 aspect ratio it seems that for both concrete series, as fiber volume increases, bleeding reduces. This can be due to fibers which block passage of water through voids. For other aspect ratios there is no clear behavior. Bayasi and McIntyre 12 reported that fibers can reduce the rate of bleeding even at very low fiber contents.
Hardened concrete
Results of compressive strength are given in Table 2 . Generally as fiber volume increases compressive strength reduces. This could be due to difficulties coming from achieving good compaction. Similar results were also reported by Eren et al.
.
Plastic shrinkage cracking
Results of plastic shrinkage cracking are presented in Table 3 .
Water evaporation rate and first crack initiation time
Results of water evaporation rate and first crack initiation time are given in Table 3 . Figure 2 and 3 show the effect of fiber volume and aspect ratio on water evaporation rate and first crack initiation time for concrete series A and series B, respectively.
It was observed that first crack initiation time for series B plain concrete is two times higher compared series A plain concrete. This could be due to high water/cement ratio of series A concrete. Evaporation rate of series A concrete was much higher than series B concrete and this caused an earlier first crack initiation time.
For series B concretes, all fiber reinforced concretes show lower first crack initiation time compared to the plain concrete (series B concrete).
For series B concretes, all fiber reinforced concretes show higher water evaporation rate compared to plain concrete (series B concrete). This could be due to development of preferential bleeding channels along the fiber which supply water to replenish the drying surface and reduce the magnitude of capillary stress. Similar finding ware also reported by Qi et al. 17 . Fiber aspect ratio and fiber volume have no clear effect on water evaporation rate and first crack initiation time. Figures 4-6 show the relationship between fiber volume and plastic shrinkage crack length, fiber volume and plastic shrinkage crack width, and fiber volume and plastic shrinkage crack area for all concretes, respectively. A noticeable reduction in total crack length, maximum crack width and total crack area was observed when 1.5% volume of fibers was used for all aspect ratios for both concrete series. In most cases, increasing fiber volume causes a decrease in crack length, maximum crack width and total crack area. Fibers act as crack arrestors to minimize crack length, crack width and crack area.
Plastic shrinkage vs. fiber volume
For concrete series B, increasing fiber aspect ratio with fiber volume fraction of 0.5% caused increase in total crack length (see Figure 4) . However, at fiber volume fraction of 1%, increases of aspect ratio causes a decrease in total crack length. For concrete series A with fiber volume of 1.5%, increase in fiber aspect ratio causes a decrease in total crack length. These decreases were 42 and 59% when aspect ratios of fiber increased from 65 to 80, respectively compared to concrete with aspect ratio of 55. It appeared that the fiber aspect ratio does not influence total crack length significantly. On the other hand it seems that the effective factor is the critical fiber volume, which is 1.5%, for reducing the total crack length for both concrete series. Other researchers reported that the higher the volume of fibers, the better the control of plastic shrinkage cracking 13 , the lesser shrinkage contraction rate 18 , the more reduction in total crack area and maximum crack width 19 .
3.3.3. Plastic shrinkage vs. fiber aspect ratio Figure 5 shows that the total plastic shrinkage crack area decreases as the fiber aspect ratio increases at fiber volume of 1.5 and 1%, for concrete series A and series B, respectively. From Figure 5 , it is clear that the fiber aspect ratio does not influence the maximum plastic shrinkage crack width.
Plastic shrinkage vs. strength level
As can be seen from Figure 5 and 6, Plain concrete having 73 MPa (series B) compressive strength at 28 days has higher maximum crack width and total crack area than concrete with 56 MPa (series A). This may be due to the high amount of cement content. It was also observed that from Figure 5 , the maximum crack width for concrete series A is about half of the maximum crack width for concrete series B.
Shaeles and Hover 15 investigated plastic shrinkage cracking in mortar panels and concluded that the incidence of plastic shrinkage cracking increased with the paste volume fraction.
3.3.5. Total plastic shrinkage crack area vs. fiber volume Regression analyses provided a linear relationship between total plastic shrinkage crack area (A t ) and fiber volume (V f ). The test results of regression analyses are given in Table 4 . The relationship obtained as a result of regression analyses is as follows (Equation 1): Where A t is total plastic shrinkage crack area (mm 2 ), V f is fiber volume (%), a and b are regression coefficient.
Experimental data points and regression lines are shown together in Figures 7 and 8 . From Figures 7 and 8 , it can be seen that there is a linear relationship between total plastic shrinkage crack area and fiber volume. The total crack area seemed to decrease with an increase in the fiber volume fraction due to the reduction in the crack widths. From correlation coefficient results it can be said that there is a good relationship between total plastic shrinkage crack area and fiber volume as most of the correlation coefficients are above 0.85.
Conclusions
• In general, addition of fibers increases VeBe time and wet density of fresh concrete.
• A significant reduction in water bleeding is observed for concrete series B compared to concrete series A for all concretes.
• It was observed that first crack initiation time for series B plain concrete is two times higher compared series A plain concrete.
• Fiber aspect ratio and fiber volume have no clear effect on water evaporation rate and first crack initiation time.
• It seems that fiber aspect ratio does not influence total crack length significantly.
• There is a critical fiber volume content of fibers to reduce the total crack length for both concrete series.
• There is a linear relationship between total plastic shrinkage crack area and volume percentage of steel fibers.
